Evaluation of simulation procedures for high intensity noise fields Final report by unknown





















EVALUATION OF SIMULATION PROZEDURES 
FOR HIGH INTENSITY NOISE FIELDS 
FINAL REPORT 
PIEPARED UNDER CONTFGCT NO. NAS1-6906  BY 
ROBERT W. BENSON AND ASSOC’IATES, INC. 
633 Thompson L a n e  
NASHVILLE, TENNESSEE 37204 
A p r i l  1, 1968 
https://ntrs.nasa.gov/search.jsp?R=19680011526 2020-03-12T08:39:41+00:00Z
I 






















The Evaluation of Simulat ion Procedures f o r  
High I n t e n s i t y  Noiee F ie lds  has  been conducted 
under Contract  No. NAS1-6906 with t h e  NASA Langley 
Research C e n t e r .  The program has included an ex- 
per imental  study of t h e  i n t e r a c t i o n  between model 
s t r u c t u r e s  and sound f i e l d s ,  The r e s u l t s  of t hese  
s t u d i e s  have been appl ied t o  t h e  eva lua t ion  of 
s imulat ion faci l i t ies .  The p r o j e c t  has  been con- 
ducted under t h e  general  guidance of D r .  Robert 
W. Benson, M r .  S. H. P e a r s a l l  and M r .  W. M. 
S t a f f o r d  cont r ibu ted  to  t h e  experimental program 























An experimental program has  been con- 
ducted t o  determine those a spec t s  of a sound 
f i e l d  which correlate with motion of a s t r u c t u r e  
exc i ted  a t  one of i t s  modes of v ib ra t ion .  It  
has been demonstrated t h a t  t h e  forc ing  func t ion  
f o r  a s t r u c t u r e  i s  the instantaneous d i f f e r e n -  
t i a l  pressure  e x i s t i n g  ac ross  t h e  s t r u c t u r e .  A 
measurement of pressure  grad ien t  or p a r t i c l e  
ve loc i ty  as vector q u a n t i t i e s  t he re fo re  cor re-  
lates with the observed motion. Actual sound 
f i e l d s  surrounding typ ica l  high i n t e n s i t y  noise  
sources are not described i n  a manner which 
allows f o r  a d i r e c t  evaluat ion of a l l  simula- 
t i o n  faci l i t ies .  Most f ac i l i t i e s  r e q u i r e  
a d d i t i o n a l  measurements i n  order  t o  determine 
t h e i r  adequacy. 
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EVALUATION OF SIMULATION PROCEDURES 
FOR HIGH INTENSITY NOISE FIELDS 
I INTRODUCTION 
The dynamic e x c i t a t i o n  of mechanical s t r u c t u r e s  r e s u l t s  
i n  f a i l u r e  of t h e  s t r u c t u r e  a t  stress l e v e l s  which are low 
compared t o  the  s ta t ic  s t r eng th  of the  material providing t h e  
number of cyc le s  of e x c i t a t i o n  is  l a rge .  This  p a r t i c u l a r  type 
of f a i l u r e  of a s t r u c t u r e  is  r e f e r r e d  t o  as f a t i g u e  f a i l u r e .  
Although direct e x c i t a t i o n  of a s t r u c t u r e  i s  a dominant cause 
of f a t i g u e  f a i l u r e ,  a c o u s t i c a l l y  induced v i b r a t i o n  i s  a l s o  a 
cause of f a t i g u e  f a i l u r e  e spec ia l ly  i n  j e t  powered a i r c r a f t  
and rocket  powered mis s i l e s .  Fa t igue  f a i l u r e  induced by 
a c o u s t i c  energy is  r e fe r r ed  t o  as sonic  f a t i g u e .  Since the  
a c o u s t i c  energy is  large a t  r e l a t i v e l y  high f requencies ,  a 
l a r g e  number of cyc le s  c a n  occur i n  a shor t  per iod  of t i m e ,  
causing f a t i g u e  f a i l u r e  at  r e l a t i v e l y  low stress l e v e l s .  
A second problem assoc ia ted  with a c o u s t i c a l l y  induced 
v i b r a t i o n  i s  concerned w i t h  t h e  malfunction of both e l e c t r o n i c  
and electromechanical assemblies used wi th in  aircraft  and 
m i s s i l e s .  I n  t h i s  p a r t i c u l a r  case the  induced v i b r a t i o n  
causes  extraneous s i g n a l s  t o  e x i s t  wi th in  the  equipment re- 
s u l t i n g  i n  a malfunction of a p a r t i c u l a r  system o r  assembly. 
There is  a need t o  evaluate  both sub-system assemblies and 
a c t u a l  s t r u c t u r e s  used i n  a i rcraf t  and m i s s i l e s  t o  determine 
t h e i r  s u s c e p t i b i l i t y  t o  high i n t e n s i t y  noise .  
Considerable experience has  been der ived from the  t e s t i n g  
of  s t r u c t u r e s  and assemblies subjec ted  t o  v i b r a t i o n  caused by 
direct  mechanical exc i t a t ion .  These tes ts  c o n s i s t  of both 
s i n g l e  frequency and random noise  type e x c i t a t i o n .  For vibra- 
t i o n  t e s t i n g ,  t he  a s s e m b l y  or s t r u c t u r e  is subjected t o  mechan- 
i ca l  e x c i t a t i o n  i n  each of t h r e e  orthogonal d i r e c t i o n s .  The 
t e s t i n g  of an assembly of s t r u c t u r e  subjected t o  acous t i c  ex- 
c i t a t i o n  involves  t h e  placement of t h e  ob jec t  within an acous- 
t i c  f i e l d  which s imulates  t h e  environment t o  which t h e  ob jec t  
i s  exposed under a c t u a l  conditions.  
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Several  factors have inxluenced the  na tu re  of t h e  f a c i l i t y  
used f o r  t h e  s tudy of acous t i ca l ly  induced v ib ra t ion .  The 
a c t u a l  sound f i e l d  f o r  various parts of the  s t r u c t u r e  o f  air-  
craft  and missiles has  b e e n  measured extensive1y.l  
The measurements i nd ica t e  sound p res su re  l e v e l s  i n  excess 
of 140 dec ibe l s  w i t h  energy d i s t r i b u t e d  throughout t h e  audio- 
frequency spectrum. The f i r s t  requirement f o r  a s imulat ion 
f a c i l i t y  is  the re fo re  a sound f i e l d  having a sound p res su re  
l e v e l  of 140 dec ibe l s  w i t h  a broad frequency spectrum. I n  
o rde r  t o  avoid an exact  dupl ica t ion  of t h e  ac tua l  sound f i e l d  
using f u l l  scale sources ,  methods of c r e a t i n g  high sound pres- 
su res  w i t h  s m a l l  amounts of input  power have been used. The 
reverbera t ion  room is  an exampleof a f a c i l i t y  which has been 
used ex tens ive ly  f o r  sonic t e s t i n g  where high sound pressure  
l e v e l s  are created by the mult iple  r e f l e c t i o n  of sound energy 
from t h e  sur faces  of the  enclosure. 
The use o f  sound energy t o  study the  mechanical excita- 
t i o n  of s t r u c t u r e s  is  considerably more complex than t h e  study 
of  human reac t ion  t o  a sound f i e ld ,  U n t i l  t he  sound i n t e n s i t i e s  
reached those l e v e l s  produced b y  j e t  engines ,  the major i n t e r e q t  
i n  high i n t e n s i t y  noise w a s  t h e  effect  of the  noise  on hear ing.  
Fi)r t hese  s t u d i e s ,  t h e  simulation of t h e  p re s su re  a s p e c t s  of a 
sound f i e l d  have been thought t o  be s u f f i c i e n t .  For t h e  study 
of  mechanical e x c i t a t i o n  by sound waves, i t  i s  necessary t o  
g i v e  cons idera t ion  t o  t h e  exact n a t u r e  of t he  sound f i e l d  
s i n c e  energy must be t r ans fe r r ed  by the  sound f i e l d  t o  the 
s t r u c t u r e  i f  damage i s  t o  occur. 
I 
The present  study has been concerned w i t h  t h e  measure- 
ment of t h e  response of model s t r u c t u r e s  t o  sound f ie lds  
where var ious  aspects of the sound f i e l d  could be va r i ed  i n  a 
c o n t r o l l e d  manner. The objec t ive  has been t o  determine t h a t  
aspect of t h e  sound f i e l d  which c o r r e l a t e s  with motion of a 
s t r u c t u r e .  A f u r t h e r  ob jec t ive  of t h e  program has been t o  
determine those  l i m i t a t i o n s ,  i f  any, which are imposed b y  
von Gierke, H. E . ,  T h y s i c a l  C h a r a c t e r i s t i c s  of A i r -  
craft N o i s e  Sources,*v The Journa l  of the Acoustical  Society 
























var ious  types  of simulation f a c i l i t i e s  used for the  s tudy of 
sonic  f a t i g u e .  
I I e THE SOUND FIELD 
The desc r ip t ion  of a sound f i e l d  r equ i r e s  a d e f i n i t i o n  
of p a r t i c l e  displacement,  ve loc i ty  and acce le ra t ion  as w e l l  
as p res su re ,  a l l  as a funct ion of t i m e .  The energy i n  the  
sound f i e l d  propagates  i n  the form of a long i tud ina l  wave f o r  
which t h e  p a r t i c l e  motion is i n  t h e  d i r e c t i o n  of the  propagation 
of energy. The wave may propagate as a s t r a i g h t  l i n e  ( a  
plane wave) o r  i t  may spread out from a po in t  o r  l i n e  source 
r e s u l t i n g  i n  sphe r i ca l  o r  c y l i n d r i c a l  waves. The waves are 
sub jec t  t o  s c a t t e r r n g  and d i f f r a c t i o n  as w e l l  as t o  t h e  com- 
b i n a t i o n  of wave sys t ems  leading t o  in t e r f e rence .  
When dea l ing  w i t h  the  t r a n s f e r  of energy from a sound 
f i e l d  t o  a mechanical s t ruc tu re  which i s  immersed i n  t h e  sound 
f i e l d  it  is  necessary t o  examine those p a r t i c u l a r  a spec t s  of 
t h e  f i e l d  which can r e s u l t  i n  t h e  t r a n s f e r  of energy. If w e  
consider t he  s implest  case where  t he  d is turbance  t akes  p l a c e  
i n  a s i n g l e  d i r e c t i o n ,  a plane wave, and t h e  wave propagates 
i n  the x d i r e c t i o n ,  w e  may de r ive  those equat ions which i n d i -  
cate the  conveyance of  energy b y  t h e  sound wave. If f denotes  
t h e  displacement of the  p a r t i c l e  of t h e  medium from i t s  o r i g -  
i n a l  p o s i t i o n  and df the corresponding displacement v e l o c i t y ,  
then  t h e  displacement per un i t  length is  df 
t h e  l i n e a r  s t r a i n .  If the medium is completely e las t ic ,  then 
t h e  stress or  p re s su re  i s  propor t iona l  t o  s t r a i n  
commonly c a l l e d  
df x =  Y E  
where Y i s  the  e las t ic i ty  f o r  t h e  medium and X is  t h e  f o r c e  
per u n i t  area. 
From elementary mechanics t h e  product of stress and 
displacement v e l o c i t y  is the  rate a t  which energy is  t r a n s -  
f e r r e d  by t h e  wave a t  the poin t  x. The power per u n i t  a r ea  
i s  the re fo re :  
df df P = X -  - 
d t  dx 
\ 
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The power t h e r e f o r e  v a r i e s  i n  both t i m e  and space ,  and i s  
completely s p e c i f i e d  providing t h e  displacement of t h e  p a r t i c l e  
is  def ined  f o r  x and t as a func t ion  of space. It  i s  f u r t h e r  
noted t h a t  t h e  displacement has  both magnitude and d i r e c t i o n .  
The power conveyed i n  an  acous t i c  wave i s  dependent upon 
two f a c t o r s  with appropr ia te  cons tan ts .  These f a c t o r s  are 
t h e  change of displacement with respec t  t o  space and t h e  
change of displacement w i t h  r e spec t  t o  t i m e .  Although the  pres -  
s u r e  may be der ived from t h e  above, i t  is related d i r e c t l y  by 
t h e  e l a s t i c i t y  of t h e  medium. 
The  e x c i t a t i o n  of a mechanical s t r u c t u r e  i m m e r s e d  i n  a 
sound f i e l d  impl ies  t h a t  t h e  s t r u c t u r e  converts  t h e  acous t i c  
energy i n t o  mechanical energy by an i n t e r a c t i o n  of t he  s t r u c -  
t u r e  with t h e  sound f i e l d .  The exact  means of energy transfer 
i s  dependent upon t h e  mode of v i b r a t i o n  of  t h e  s t r u c t u r e  and 
i t s  r e l a t i o n s h i p  t o  t h e  space and t i m e  rates of change of dis-  
placement of p a r t i c l e s  of the medium. 
Unfortunately,  instrumentat ion is  not  a v a i l a b l e  which 
al lows f o r  t h e  direct measurement of the energy conveyed i n  
a n  acous t i c  wave nor i s  i t  p o s s i b l e  t o  measure d i r e c t l y  t h e  
energy e x t r a c t e d  from a wave by  a p a r t i c u l a r  s t r u c t u r e .  The 
s i n g l e  instrument which i s  r ead i ly  ava i l ab le  f o r  accu ra t e  
measurements of the  sound f i e l d  i s  the pressure  s e n s i t i v e  micro- 
phone. This p a r t i c u l a r  transducer allows f o r  a measurement of  
t h e  temporal v a r i a t i o n  of the pressure  a t  a given l o c a t i o n  i n  
t h e  sound f ie ld .  With the  simultaneous use of two p res su re  
s e n s i t i v e  e l e m e n t s ,  i t  i s  p o s s i b l e  t o  measure the  r e l a t i v e  t i m e  
h i s t o r i e s  a t  two loca t ions  i n  space and deduce from these measure- 
ments, the  d i r e c t i o n  of propagation as w e l l  as t h e  magnitude of 
t h e  sound wave. 
Before attempting t o  def ine those  p a r t i c u l a r  a spec t s  of 
a sound f i e l d  which should be measured, a u s e f u l  f a c i l i t y  is  
a v a i l a b l e  which allows f o r  t h e  v a r i a t i o n  of p a r t i c u l a r  a spec t s  
of the sound f i e l d  i n  an independent manner. A n  acous t i c  tube,  I 
commonly used f o r  t h e  measurement of t h e  a c o u s t i c  impedance of 
var ious  materials, allows f o r  the propagation of sound energy 
f o r  which the p re s su re  within the  tube m a y  be v a r i e d  with re- 
l a t i o n  t o  the p a r t i c l e  displacement by the  superpos i t ion  of two 
I 
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waves, one propagating i n  each d i r e c t i o n  wi th in  t h e  tube.  The 
flow of energy can f u r t h e r  be va r i ed  by con t ro l l i ng  t h e  rela- 
t i o n s h i p  between t h e  energy propagat ing down t h e  tube t o  t h a t  
f r a c t i o n  of energy r e f l e c t e d  back up t h e  tube.  A series of 
experiments have the re fo re  been conducted using p lane  waves 
wi th in  an acous t i c  tube t o  determine those a spec t s  of a sound 
wave which cause motion of var ious  types of s t r u c t u r e s .  
111. EXPERIMENTAL PROGRAM 
The experimental program w a s  designed t o  study t h e  motion 
of several types of s t r u c t u r e s  when subjec ted  t o  a sound f i e l d  
i n  which t h e  pressure  and pressure  g rad ien t  could be va r i ed  in -  
dependently. The experimental f a c i l i t y  cons is ted  of an a c o u s t i c  
t ube  as i l l u s t r a t e d  i n  Figure 1. The tube has  a c r o s s  s e c t i o n  
which is 6 inches square and a length  of 25 feet. These dimen- 
s i o n s  w e r e  chosen t o  allow f o r  a c o u s t i c a l  measurements bekween 
100 and 500 cyc le s  p e r  second. Furthermore, samples could be 
designed having resonant f requencies  wi th in  t h i s  range and 
having th icknesses  up to 0.1 inches.  It w a s  desirable t o  have 
s u f f i c i e n t  sample thickness i n  order  t o  avoid s t r u c t u r e s  which 
would be simple resonant membranes. 
For most experiments, t h e  sample w a s  i n s e r t e d  i n  the 
tube  at  a d i s t ance  of approximately 10 feet  from t h e  dis ta l  end 
of t h e  tube.  The termination w a s  a hard 1 inch th ickness  of 
l u c i t e  provided with a rubber gasket  around i t s  per iphery.  The 
behavior of  the tube w a s  t e s t e d  with t h i s  terminat ion and it w a s  
found t h a t  a standing wave r a t i o  of a t  least 30 d e c i b e l s  w a s  
poss ib l e  f o r  f requencies  ranging from 100 t o  500 cps. The 
terminat ion could be moved t o  any l o c a t i o n  from the  end of t h e  
tube up t o  the  sample over a range of  10 feet .  For t h e  lowest 
frequency t h e  terminat ion could be moved a t  least two ha l f  
wave l eng ths .  A s  the  terminat ion w a s  moved, t h e  standing wave 
p a t t e r n  wi th in  t h e  tube could be caused to  move and thus  vary 
t h e  p r e s s u r e  and p res su re  g rad ien t  a t  t h e  l o c a t i o n  of the  sample. 
For each sample t h a t  w a s  chosen f o r  s tudy ,  t h e  s tanding 
wave p a t t e r n  wi th in  t h e  tube w a s  explored t o  a s su re  t h a t  t h e  


















































































I n  gene ra l ,  t h e  sample dimensions w e r e  h e l d  t o  1 by 5 inches 
with t h e  th i ckness  and mounting being v a r i e d  t o  cause d i f f e r e n t  
resonant f requencies  and  modes of v i b r a t i o n .  Under t h e s e  con- 
d i t i o n s ,  i t  w a s  impossible t o  detect a change i n  the p re s su re  
d i s t r i b u t i o n  within the  tube due t o  t h e  presence of the sample. 
A t  t he  beginning of t h e  experimental program, t h e  instrumenta- 
t i o n  f o r  t h e  acous t i c  tube cons i s t ed  of two p res su re  s e n s i t i v e  
probe microphones. The f i r s t  of t h e  microphones w a s  f i x e d  a t  
t h e  l o c a t i o n  of t h e  sample t o  measure t h e  p re s su re  a t  the 
sample. The second microphone w a s  in t roduced a t  t h e  source 
end of the tube and could be moved t o  measure the p res su re  a t  
any l o c a t i o n  up t o  t h e  pos i t i on  of the sample. The second probe 
microphone could the re fo re  measure the  s tanding wave ratio and 
t h e  loca t ion  of t h e  n u l l s  def in ing  the  d i s t r i b u t i o n  of p r e s s u r e  
wi th in  the  tube.  Both microphones w e r e  c a l i b r a t e d  t o  allow f o r  
an absolu te  measurement of sound pressure .  
The f i r s t  sample t o  be s tud ied  w a s  t h a t  of a simple can- 
t i l e v e r  b e a m  whose dimensions w e r e  1 by 5 inches  and 0.1 inch 
th ickness .  The resonant frequency w a s  computed and the  a c t u a l  
frequency w a s  measured by shock e x c i t a t i o n  and an observance 
of t he  frequency during t h e  decay. The measured frequency w a s  
w i th in  5 per c e n t  of t h e  computed frequency. The sample w a s  
then placed wi th in  t h e  tube through a p o r t  l oca t ed  10 fee t  
from the  end of t h e  tube. Considexable care had t o  be followed 
f o r  the i s o l a t i o n  of t h e  sample and i t s  re ference  m a s s  from 
t h e  tube s t r u c t u r e  t o  assure t h a t  the  e x c i t a t i o n  of t h e  sample 
w a s  due to acous t i c  energy and not due t o  mechanica l ly  borne 
v ib ra t ion .  A m a s s ,  severa l  hundred t i m e s  t h e  m a s s  of t h e  s a m -  
p l e  w a s  used as a reference mass. The re ference  m a s s  w a s  iso- 
l a t e d  from the main s t r u c t u r e  by the  use of foam rubber.  
Measurements w e r e  made of the sample v i b r a t i o n ,  t h e  
sound p res su re  a t  the  sample,  the  l o c a t i o n  of p re s su re  n u l l s ,  
t h e  s tanding wave r a t i o  and pressure a t  both the  p o i n t s  of 
maximum and minimum pressure .  These measurements w e r e  m a d e  as 
a func t ion  of t h e  loca t ion  of  the movable terminat ion.  When 
the terminat ion w a s  moved down the tube it  w a s  poss ib l e  t o  
e s t a b l i s h  var ious r a t i o s  between p res su re  and pressure  g rad ien t  
a t  t h e  l o c a t i o n  of the  sample. I t  w a s  further poss ib l e  t o  
ope ra t e  the  tube a t  var ious power l e v e l s  so t h a t  the ne t  power 
flow down the tube could be cont ro l led .  I n  add i t ion ,  i t  w a s  
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p o s s i b l e  t o  vary t h e  impedance of t he  te rmina t ion  so t h a t  the  
r a t i o  between p r e s s u r e  and pressure  g rad ien t  could be var ied .  
The f i r s t  observat ions cons i s t ed  of measuring the  p res su re  
a t  t h e  sample and t h e  sample motion f o r  var ious  l o c a t i o n s  of a 
hard terminat ion of t h e  tube. The motion of  t h e  sample w a s  de- 
tected by a frequency modulated capaci tance probe for  which t h e  
output  i s  p ropor t iona l  t o  t h e  displacement of t h e  sample. As 
t h e  terminat ion w a s  moved w i t h  respec t  t o  t h e  sample, t h e  
pressure  v a r i e d  i n  an e s s e n t i a l l y  s inuso ida l  manner and t h e  
displacement of t h e  sample v a r i e d  i n  a s i m i l a r  manner, but t h e  
maximum sample displacement occurred f o r  a minimum pres su re  and 
t h e  minimum displacement occurred f o r  a maximum pres su re .  The 
v a r i a t i o n  w a s  not a smooth p red ic t ab le  func t ion  due t o  adverse 
loading of the d r iv ing  loudspeaker which w a s  a func t ion  of t he  
l eng th  of t h e  tube. Although var ious  means of keeping cons tan t  
e x c i t a t i o n  w e r e  at tempted, t h e  most s a t i s f a c t o r y  procedure w a s  
t o  maintain a cons tan t  maximum pres su re  i n  t h e  tube.  Under 
t h e s e  cond i t ions ,  t h e  pressure a t  t h e  l o c a t i o n  of the sample 
v a r i e d  i n  a p r e d i c t a b l e  fashion versus  the  l o c a t i o n  of t h e  
hard terminat ion.  The motion of  t h e  sample var ied  i n  a s i m i l a r  
p r e d i c t a b l e  manner but  ou t  of  s p a t i a l  phase w i t h  t h e  pressure .  
That i s ,  the maximum motion occurred when t h e  p re s su re  w a s  a 
minimum and the  minimum occurred when the pressure  w a s  a maximum. 
A second problem w a s  encountered i n  as much as t h e  appa- 
r en t  resonant frequency of t h e  sample appeared t o  be unstable .  
A H e w l e t t  Packard o s c i l l a t o r  w a s  used t o  e x c i t e  t h e  tube and 
i t s  s t a b i l i t y  w a s  confirmed by the  use of a frequency monitor. 
I t  w a s  necessary t o  measure t h e  frequency t o  0.1 c y c l e s  pe r  
second i n  order  t o  note  the v a r i a t i o n  i n  resonant frequency as 
t h e  terminat ion l o c a t i o n  was var ied .  I n  order  to determine 
t h e  a c t u a l  frequency of the sample i t  w a s  necessary t o  modify 
t h e  o s c i l l a t o r  with a vern ier  capac i to r  t o  allow f o r  t h i s  
s m a l l  v a r i a t i o n  i n  frequency. The frequency of e x c i t a t i o n  w a s  
v a r i e d  to ob ta in  a maximum motion of t h e  sample f o r  each loca-  
t i o n  of t h e  termination. I t  w a s  found t h a t  t h e  apparent reso- 
nant frequency va r i ed  by 0.8 cps out of 212 cyc le s  per  second. 
D a t a  w a s  a l s o  taken of the  sound pressure  a t  t h e  sample and 
t h e  sample motion w h i l e  maintaining cons tan t  maximum sound 






















motion. Under t h e s e  condi t ions t h e  sample motion w a s  a smooth 
func t ion  of t h e  l o c a t i o n  of t he  te rmina t ion  with r e spec t  t o  t h e  
sample. 
Since i t  2s p o s s i b l e  to  compute the  p re s su re  g r a d i e n t ,  t h e  
p a r t i c l e  displacement and t h e  p a r t i c l e  v e l o c i t y ,  when the p re s -  
s u r e  v a r i a t i o n  wi th in  t h e  tube i s  known, i t  is not  necessary 
t o  provide senso r s  f o r  each of t hese  func t ions .  I t  i s  e a s i l y  
shown t h a t  t h e  p a r t i c l e  ve loc i ty  and the  p re s su re  grad ien t  
fo l low a s inuso ida l  d i s t r i b u t i o n ,  with a s p a t i a l  s h i f t  of a 
q u a r t e r  of a wave length  between t h e s e  f u n c t i o n s  and t h e  p re s -  
s u r e  d i s t r i b u t i o n  wi th in  a s tanding wave tube.  The motion of 
a simple c a n t i l e v e r  s t r u c t u r e ,  t h e r e f o r e ,  responds i n  propor- 
t i o n  t o  e i t h e r  the  pressure g r a d i e n t  o r  t h e  p a r t i c l e  v e l o c i t y  
w i t h i n  the  tube.  I t  w a s  therefore  i l l u s t r a t e d  t h a t  t h e  motion 
of a c a n t i l e v e r  sample i s  i n  propor t ion  t o  t h e  p re s su re  g rad ien t  
when the  sample is normal t o  the  d i r e c t i o n  o f  wave propagation 
i n  a p lane  wave sound f i e ld .  
I t  w a s  i n t e r e s t i n g  also t o  s tudy  t h e  cause of the  
apparent  s h i f t  i n  frequency of t h e  resonant sample, s i n c e  i f  
t h i s  i s  p o s s i b l e  under laboratory cond i t ions ,  it is  a l s o  p o s s i b l e  
under a c t u a l  condi t ions .  The sample w a s  p laced  wi th in  a cham- 
ber t h a t  could be evacuated and the  sample w a s  caused t o  v i -  
brate by d r iv ing  t h e  free end of the  sample w i t h  an e l e c t r o -  
s t a t i c  probe. The motionof t h e  sample w a s  sensed w i t h  t h e  
frequency modulated probe, whose output  was amplif ied and fed 
t o  the  dr iv ing  probe. The ga in  w a s  s u f f i c i e n t  t o  cause motion 
of t h e  sample a t  i ts  resonant frequency. The frequency of t h e  
sample w a s  monitored and  measured as a f u n c t i o n  of t h e  atmos- 
p h e r i c  p re s su re  surrounding t h e  sample. I t  w a s  found t h a t  t h e  
resonant frequency va r i ed  over t he  s a m e  range as w a s  noted i n  
t h e  a c o u s t i c  tube. It is  the re fo re  apparent t h a t  t h e  a i r  load- 
ing  on the  sample causes  a s h i f t  i n  t h e  resonant frequency of 
t h e  sample. When t h e  adjacent p a r t i c l e s  are i n  phase with t h e  
sample displacement,  t he  sample acts as i f  i t  is i n  vacuum 
and the  resonant frequency s h i f t s .  It i s  t h e r e f o r e  poss ib l e  
t o  have a s t r u c t u r e  whose modes of v i b r a t i o n  change under cer- 
t a i n  cond i t ions  of exc i t a t ion .  
S imi l a r  measurements of t h e  motion of samples v ib ra t ing  























f i x e d  samples whose frequency of v i b r a t i o n  is equiva len t  t o  a 
f r e e - f r e e  bar. T h i s  type of  sample w a s  chosen s i n c e  it  could  be 
incorporated wi th in  a frame f o r  which t h e  back could be l e f t  
open o r  i t  could be enclosed to  e f f e c t i v e l y  remove e x c i t a t i o n  
from the  back of the  s t r u c t u r e .  Severa l  samples of each type 
w e r e  s tud ied  where the thickness  w a s  va r i ed  so t h a t  measure- 
ments could be made over t h e  frequency r a q e  of 100 t o  500 
cycles per second. For a l l  samples which w e r e  s tud ied ,  t h e  
sample motion w a s  proport ional  t o  the  p re s su re  g rad ien t  or 
p a r t i c l e  v e l o c i t y  at  the  loca t ion  of t h e  sample. Since t h e  
v a r i a t i o n  i n  p r e s s u r e  occurs one q u a r t e r  wave length  d is -  
placed from the  p re s su re  grad ien t ,  t h e  sample motion did not  
correspond t o  p re s su re .  It should be understood t h a t  t h e  
measurements are made a t  t h e  frequency of maximum motion of t he  
sample. Under these  condi t ions ,  the  sample e x h i b i t s  a low 
a c o u s t i c  impedance, r a t h e r  than  a high acous t i c  impedance which 
occurs  at  f requencies  f o r  which t h e  sample e x h i b i t s  l i t t l e  o r  
no motion. Even though a sample w a s  chosen where the back of 
t h e  sample w a s  sealed from t h e  sound wave, t h e  motion co r re s -  
ponded t o  t h e  s p a t i a l  d i s t r i b u t i o n  of pressure  g rad ien t  r a t h e r  
than the  pressure .  
The samples which were f i x e d  a t  both ends introduced new 
problems i n  the  observat ion of t h e i r  behavior wi th in  t h e  acous- 
t i c  tube. The mounting was accomplished by laying t h e  sample 
on top of an aluminum box s t r u c t u r e  which has  1/4 inch th ick  
w a l l s .  The sample's length w a s  i d e n t i c a l  t o  the  length  of t h e  
box an3  the  width w a s  j u s t  s u f f i c i e n t  so t h a t  there w a s  a 
s m a l l  c learance  between t h e  sample and t h e  sides of t h e  box. 
Clamping p l a t e s  w e r e  placed above t h e  sample on each end and 
two screws w e r e  i n s e r t e d  through the  clamping p l a t e s  as 
i l l u s t r a t e d  i n  F igure  2. This procedure provides  a w e l l  de- 
f i n e d  sample length.  
t he  sample during a s s e m b l y  so t h a t  i t  would more c l o s e l y  
dup l i ca t e  a typical s t ruc tu re .  
No attempt w a s  made t o  apply t ens ion  t o  
When t h e  sample w a s  placed i n  t h e  acous t i c  tube i t  w a s  
found t h a t  t h e  frequency of maximum motion w a s  w e l l  def ined  a t  
s m a l l  amplitudes of exc i t a t ion  but  w a s  poorly def ined f o r  l a r g e  
amplitudes of motion. 
p o s s i b l e  t o  increase  the frequency near resonance and to  con- 
t i n u e  to  observe a larger amplitude of motion. S i m i l a r l y ,  


























Figure 2 .  
Illustrajring Method of Clamping 





















with decreasing frequency the same observa t ions  were noted. 
There w a s  no apparent resonant frequency but  a range of  fre- 
quencies.  If a frequency within t h i s  range w a s  selected and 
the  l o c a t i o n  of  the termination of t h e  tube  w a s  v a r i e d ,  a 
similar behavior of the sample a t  constant  frequency w a s  ob- 
served.  These observat ions are i l l u s t r a t e d  i n  F igure  3. 
I t  i s  noted tha t  moving the terminat ion toward the  sample re- 
s u l t s  i n  a d i f f e r e n t  behavior than t h a t  obtained when moving 
the terminat ion away f r o m  the sample. 
For large amplitude e x c i t a t i o n  i t  w a s  poss ib l e  t o  observe 
the  motion of the sample versus the  l o c a t i o n  of the terminat ion 
o r  versus  frequency. T h e  amplitude suddenly increased as 
ind ica t ed  i n  t h e  Figure so that  i t  w a s  obvious t h a t  there 
w a s  sample motion. S imi l a r ly ,  the amplitude of motion would 
suddenly decrease which was a l s o  v i s i b l e .  Supplemental measure- 
men t s  w e r e  m a d e  on s i m i l a r  samples f o r  which a t ens ion  w a s  
p laced  on the sample during t h e  assembly procedure. When suf- 
f i c i e n t  t ens ion  w a s  appl ied a s i n g l e  resonant frequency w a s  ob- 
ta ined .  I t ,  t h e r e f o r e ,  appears t h a t  the s t i f f n e s s  of t h e  sam- 
p l e  changes as a func t ion  o f  amplitude of v i b r a t i o n .  For s m a l l  
amplitudes the  s t i f f n e s s  of t h e  material i n  f l e x u r e  near the 
clamps dominates but  f o r  l a rge  amplitude motion t h e  t o t a l  s t iff-  
ness on the s t r u c t u r e  becomes important,  For l a r g e  amplitude 
motion 5t i s  the re fo re  poss ib l e  t o  continue t o  f i n d  a more 
f avorab le  frequency as the  amplitude of motion i s  either in-  
creased o r  decreased. Since most aircraft  e x t e r i o r  s t r u c t u r e s  
are s i m i l a r l y  cons t ruc ted ,  t h i s  observat ion i s  of importance 
when observing the  acoust ic  e x c i t a t i o n  of s t r u c t u r e s .  S imi la r  
observa t ions  have been reported by Kirchman and Greenspan. 2 
Having established the fac t  t h a t  t h e  motion of var ious  
types  of samples does not correspond t o  sound p r e s s u r e ,  i t  
w a s  desirable t o  determine whether t h e  sample motion corresponds 
2Kirchman, E. J. and Greenspan, J. E. , wNonlinear Response 
of A i r c r a f t  Panels  i n  Acoustic NoiseYn The Journal  of t he  














































d i r e c t l y  i n  magnitude t o  the p r e s s u r e  grad ien t  o r  p a r t i c l e  vel-  
o c i t y .  
are l i m i t e d  t o  u se  i n  low i n t e n s i t y  sound fields.  Typical 
commercial microphones become nonl inear  a t  sound p res su re  l e v e l s  
of 120 db i n  a p lane  progressive wave. The samples which w e r e  
s e l e c t e d  f o r  s tudy  required a t  least  120 db i n  order  t o  have a 
measureable displacement. I t  w a s  t he re fo re  decided t o  develop 
a pressure  g rad ien t  microphone i n  a manner similar t o  those  
p re s su re  microphones which have been developed f o r  high i n t e n s i t y  
measurements. 
Commercially ava i l ab le  p r e s s u r e  g rad ien t  microphones 
A microphone w a s  constructed as i l l u s t r a t e d  i n  F igure  4. 
The s e n s i t i v e  element  c o n s i s t s  of an aluminum coated mylar  
diaphragm which i s  s t re tched  a c r o s s  a b r a s s  backplate  having a 
s l i g h t l y  con ica l  s ec t ion .  The i n t e r i o r  of the  backplate  is 
removed, so t h a t  both s ides  of the  diaphragm are exposed t o  t h e  
sound f i e l d .  For equal  pressure  on both sides of t h e  diaphragm 
there should be no motion, whereas when a pressure  g rad ien t  
exists, the diaphragm should e x h i b i t  motion. The change i n  
capac i tance  between t h e  aluminized diaphragm and t h e  i n s u l a t e d  
backplate causes  a change i n  charge when the  microphone i s  
e l e c t r o s t a t i c a l l y  polar ized.  
Several  vers ions  of  t h e  p r e s s u r e  g rad ien t  microphone 
w e r e  cons t ruc ted  u n t i l  a mechanically stable s t r u c t u r e  w a s  
obtained.  The f i n a l  vers ion of t h e  microphone i s  ills trated 
i n  the Figure.  Two types  of measurements w e r e  performed on 
the microphone, t he  f i r s t  to determine i t s  l i n e a r i t y  and the 
second t o  determine t h a t  t h e  response w a s  that of a p res su re  
g rad ien t  rather than a pressure microphone. A t  s eve ra l  fre- 
quencies between 103 a n d  500 cycles pe r  second the  microphone 
w a s  p laced wi th in  t h e  acoust ic  tube  and the  terminat ion w a s  
moved t o  cause a maximum output of the microphone. T h i s  
occurred when t h e  pressure  a t  the  microphone w a s  a minimum and 
the maximum pressure  occurred one q u a r t e r  wave length  away. A 
p r e s s u r e  microphone w a s  placed a t  the  p re s su re  maximum, one 
q u a r t e r  wave length  away, h d  the output  of both the  experi-  
mental p re s su re  g rad ien t  microphone and the pressure  m i c r o -  
phone w e r e  recorded as a func t ion  of t h e  e x c i t a t i o n  of the 
acous t i c  tube.  The output of t h e  p re s su re  grad ien t  micro- 
phone increased l i n e a r l y  with the e x c i t a t i o n  and w i t h  t h e  out- 
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d r i v e r .  Th i s  corresponded to  p re s su re  g r a d i e n t s  equiva len t  
t o  sound pressure  l e v e l s  i n  excess  of 150 dec ibe l s  a t  a l l  fre- 
quencies between 100 and 500 cycles pe r  second. T h e  a c t u a l  
p a r t i c l e  v e l o c i t y  i s  computed t o  be approximately 150 c m  
p e r  second. 
Although i t  had been c l e a r l y  e s t a b l i s h e d  t h a t  the output  
of t he  p re s su re  g rad ien t  microphone corresponded t o  p r e s s u r e  
g r a d i e n t  or  p a r t i c l e  v e l o c i t y ,  a d d i t i o n a l  observa t ions  w e r e  
made by moving t h e  termination and observing t h e  output of the  
microphone w i t h  r e l a t i o n  t o  the s tanding wave p a t t e r n  wi th in  
the tube. These observat ions c l e a r l y  ind ica t ed  tha t  t h e  micro- 
phone responds to  p re s su re  g rad ien t  o r  p a r t i c l e  v e l o c i t y  w h i c h  
i s  d isp laced  b y  one qua r t e r  wave l eng th  from the p res su re  pa t -  
t e r n  wi th in  t h e  tube. 
The  next series of measurements w a s  concerned w i t h  t he  
absolu te  magnitude of sample motion under varying condi t ions  
wi th in  t h e  acous t i c  tube compared t o  the  motion which occurs  
when t h e  sample i s  subjected t o  a p lane  progress ive  wave under 
free f i e l d  condi t ions .  Each sample w a s  p laced i n  free space 
and e x c i t e d  a t  resonance by a loudspeaker. The motion of the  
sample w a s  measured and the output  of the f i x e d  p res su re  probe 
and the  p re s su re  g rad ien t  microphone w e r e  recorded when t h e  
two types of microphones were p laced  i n  the same o r i e n t a t i o n  
w i t h  r e spec t  t o  t h e  sample as  would be used within the a c o u s t i c  
tube.  The sample, the  f ixed  pressure  probe microphone and the  
p res su re  g rad ien t  microphone w e r e  then  mounted wi th in  the  acous- 
t i c  tube.  
The terminat ion w a s  s e t  a t  t h e  end of t h e  tube and the  
e x c i t a t i o n  of  t he  tube w a s  ad jus t ed  t o  ob ta in  t h e  s a m e  sample 
v i b r a t i o n s  as w a s  obtained ex te rna l  t o  t h e  tube under free f ie ld  
condi t ions .  A measurement of the  p re s su re  a t  the  sample and 
the  pressure  grad ien t  w e r e  then obtained. The terminat ion w a s  
then  success ive ly  moved t o  var ious  p o s i t i o n s  within t h e  tube,  
r e s u l t i n g  i n  a v a r i a t i o n  i n  p re s su re  and p res su re  g rad ien t  a t  
the sample. For each pos i t i on  of t h e  terminat ion,  t h e  e x c i t a -  
t i o n  w a s  r ead jus t ed  t o  ob ta in  cons t an t  motion of t h e  sample. 
For a l l  condi t ions  of the  standing wave p a t t e r n ,  t h e  p re s su re  
g r a d i e n t  a t  the  sample remained cons tan t  and a t  t h e  value ob- 
se rved  under free f i e l d  condi t ions.  The p re s su re  varied over 
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a 45 dec ibe l  range as depicted i n  Figure 5 f o r  a c a n t i l e v e r  
sample. It can be seen that the sample motion i s  independent 
of t h e  sound p r e s s u r e  a t  the sample. The maximum e r r o r  com- 
pared t o  free f i e l d  condi t ions  w a s  25 dec ibe l s .  Each of t h e  
samples s tud ied  previous ly  were subjec ted  t o  t h e  same measure- 
ment procedure w i t h  comparable r e s u l t s .  In  each case t h e  
p re s su re  g rad ien t  microphone predicted t h e  sample motion under 
a l l  condi t ions  of the standing wave p a t t e r n  wi th in  t h e  tube 
r e l a t i v e  t o  the  motion observed under free f i e l d  condi t ions.  
Furthermore, the p re s su re  measurement ind ica t ed  cons iderable  
e r r o r  f o r  each of the  samples. It i s  t o  be noted t h a t  these 
observa t ions  are f o r  samples subjected t o  p lane  waves f o r  
which the sample is small enough t h a t  the d is turbance  of the 
sound f i e l d  i s  undetectable .  
Within the  s m a l l  cross s e c t i o n  of t h e  tube,  i t  i s  d i f -  
f i c u l t  t o  design samples whose geometry i s  comparable t o  t ha t  
used i n  a c t u a l  s t r u c t u r e s  without d i s tu rb ing  the  sound f i e l d .  
Although simple samples having var ious  modes of v i b r a t i o n  are 
eas i ly  s tud ied ,  it w a s  felt t h a t  a more typical s t r u c t u r a l  
s e c t i o n  should be s t u d i e d  before reaching d e f i n i t e  conclusions.  
A n  a d d i t i o n a l  series of measurements w a s  performed on a 
series of samples which f u l l y  obs t ruc ted  the  tube. For t h e  
f i rs t  explora tory  measurements, samples were cons t ruc ted  of 
sheet aluminum having var ious th icknesses  and mDunted i n  a 
framework which f u l l y  c losed t h e  6 by 6 inch c r o s s  s e c t i o n  of 
the  tube.  The samples were placed a t  the terminat ion of the 
tube w i t h  the  back s i d e  exposed t o  free space. 
Under these condi t ions,  t h e  resonant frequency of t h e  
sample w a s  determined by observing the  motion of the cen te r  of  
the  sample as the frequency w a s  var ied.  The acous t i c  impedance 
of the sample w a s  determined by measurements of t h e  standing 
wave p a t t e r n ,  both loca t ion  of the  n u l l s  and the s tanding wave 
r a t i o ,  f o r  f requencies  near and a t  t h e  resonance of t h e  sample. 
These measurements ind ica ted  a sharp s h i f t  i n  impedance at  
f requencies  near the resonance of the sample. For  f requencies  
a t  which the  sample exhibited l i t t l e  o r  no motion, the pres-  
s u r e  a t  the  sample doubled and t h e  impedance w a s  equivalent  t o  
a hard termination. I t  was impossible t o  i n t e r p r e t  d i r e c t l y  
t h e  r e s u l t s  of the measurements due t o  t h e  fact  t h a t  t h e  edges 














































w a s  v i b r a t i n g ,  the impedance of the c e n t r a l  p o r t i o n  of t h e  
sample w a s  extremely low and the  edges w a s  extremely high. The 
r e s u l t  w a s  that the  wave f r o n t  d i r e c t l y  i n  f r o n t  of the  sample 
w a s  no longer  p l ane  but  had cons iderable  curva ture  as observed 
w i t h  a probe microphone. I t  is c l e a r l y  apparent t h a t  the  i m -  
pedance of the po r t ion  of t h e  sample which is  free t o  v i b r a t e  
i s  extremely low and w i l l  not support  a pressure.  
I n  order t o  inves t iga t e  f u r t h e r  t h i s  type  of sample, t h e  
sample w a s  p laced  ten  feet from t h e  end of the tube a t  t h e  
s a m e  l o c a t i o n  as the smaller samples. The hard terminat ion 
w a s  placed a t  the  end of t h e  tube and the e x c i t a t i o n  w a s  ad- 
j u s t e d  f o r  m a x i m u m  sample motion. As t he  terminat ion w a s  moved 
r e l a t i v e  t o  sample, the motion of the  sample w a s  caused t o  vary. 
Under these condi t ions ,  t h a t  i s  a t  sample resonance, cons iderable  
energy i s  t ransmi t ted  through the  sample t o  the tube beyond, 
providing t h a t  the a c o u s t i c a l  impedance a t  t h e  sample as deter- 
mined by t h e  terminat ion of t h e  acous t i c  tube is low. T h i s  
condi t ion  occurs  when t h e  h a r d  terminat ion i s  a t  a d i s t a n c e  from 
the  sample corresponding t o  odd mul t ip les  of a q u a r t e r  of a 
wave length.  
In  order  t o  observe t h e  cause of the sample motion under 
these condi t ions ,  two pressure  probe microphones w e r e  i n t r o -  
duced, one i n  f r o n t  of and one d i r e c t l y  behind the sample. The 
magnitude of the p r e s s u r e  i n  f r o n t ,  the  magnitude of the pres- 
s u r e  behind, the motion of the sample, and the phasor sum of 
the  p res su re  i n  f r o n t  of and behind the sample w e r e  recorded 
as a func t ion  of  the  distance between t h e  sample and the  hard 
terminat ion.  The r e s u l t s  of these measurements f o r  an alum- 
inum sample whose thickness  w a s  0.02 inch are given i n  F igure  
6. It is f i rs t  noted tha t  the phasor sum of t h e  p re s su re  on 
the t w o  sides of the sample varies i n  proport ion t o  the sample 
motion. The p re s su re  immediately i n  f r o n t  of the  sample, on 
the  source side, does not vary i n  p r o p d i o n  t o  the  sample 
motion. Furthermore, it i s  seen that  under c e r t a i n  cond i t ions ,  
the  p res su re  behind the sample dominates i n  causing t h e  sample 
motion. 
For samples v i b r a t i n g  i n  their fundamental mode, t h a t  
i s ,  w h e r e  a l l  p a r t s  move i n  t h e  s a m e  d i r e c t i o n  a t  the s a m e  
























Figure 6 .  The Incident Pressure,  P i ,  t h e  Difference 
i n  Pressure Across the  Sample and the  Sample Displacement 
























d i f f e r e n t i a l  a c r o s s  the sample and independent of t h e  p re s su re  
d i r e c t l y  i n  f r o n t  of the  sample. Under these condi t ions  t h e  
sound f i e ld  i s  altered by the sample and t h e  l o c a t i o n  of t he  
terminat ion behind t h e  sample. I t  i s  t h e r e f o r e  impossible t o  
measure the sound f i e l d  before  t h e  sample i s  i n s e r t e d  t o  de t e r -  
mine the  response t h a t  w i l l  be measured. 
Even though the sample al ters t h e  sound f i e l d  wi th in  t h e  
a c o u s t i c  tube,  i t  is  of in te res t  t o  measure t h e  p re s su re  g r a d i e n t  
immediately i n  f r o n t  of and on t h e  source side of the  sample. 
The p re s su re  g rad ien t  microphone which w a s  cons t ruc ted  w a s  p laced 
near the cen te r  of t h e  sample and the  output  w a s  measured along 
w i t h  sample motion f o r  various p o s i t i o n s  of t h e  terminat ion.  
I t  should be understood tha t  the  p re s su re  g rad ien t  microphone 
may a l s o  be considered to be a p a r t i c l e  veloci ty  microphone 
and it i s  not su rp r i s ing  t h a t  t h e  p a r t i c l e  v e l o c i t y  immediately 
i n  f r o n t  of t h e  sample corresponds t o  sample motion. A graph 
showing t h e  p a r t i c l e  ve loc i ty  and the  sample motion f o r  var ious  
l o c a t i o n s  of t he  terminat ion are shown i n  Figure 7. I t  should 
aga in  be noted tha t  these measurements are performed a t  the 
frequency f o r  which the sample e x h i b i t s  a maximum motion and 
t h e  acous t i ca l  impedance of the  c e n t r a l  p o r t i o n  of the  sample 
i s  extremely low. For t h i s  experiment i t  is  f u r t h e r  noted 
t h a t  the  waves immediately i n  f r o n t  of the sample are no longer  
p l ane  and are d i s t o r t e d  due t o  t h e  fact t h a t  the edges of t h e  
sample are f i x e d  and t h e  center  of the  sample is free t o  v i b r a t e .  
I t  is  f u r t h e r  noted that  i f  the  sample is  e x c i t e d  a t  a frequency 
for  which l i t t l e  motion i s  observed then the  p res su re  doubles 
a t  the sample corresponding t o  a hard terminat ion and the par -  
t i c l e  v e l o c i t y  i s  extremely low. Even under t h i s  condi t ion  the  
sample motion corresponds to  p a r t i c l e  v e l o c i t y  rather than t h e  
pressure .  
Since a l l  of the measurements performed thus  far i n d i c a t e  
that  the var ious types of samples respond t o  the  pressure  grad- 
i e n t  i t  w a s  decided t o  perform some measurements under free 
f i e l d  condi t ions  which m i g h t  f u r t h e r  s u b s t a n t i a t e  these f ind ings .  
It  i s  known t h a t  the pressure  g r a d i e n t  and p a r t i c l e  v e l o c i t y  
e x h i b i t  d i r e c t i o n a l  p r o p e r t i e s  f o r  which their magnitude i s  
a maximum i n  t h e  direction o f  propagation of t h e  sound wave. 
Furthermore , a minimum shou ld  e x i s t  perpendicular t o  ,the d i r ec -  
t i o n  of propagation. T h e  s a m e  rec tangular  samples clamped 






















21 Figure 7. P a r t i c l e  Velocity Imnediately i n  Front of a 6** x 6" 
Square Sample. Sample Motion and D i f f e r e n t i a l  Pressure Across 

















by a loud speaker. The p res su re  g rad ien t  microphones were 
loca ted  a t  the p o s i t i o n  of t he  sample and the output  of both 
microphones and t h e  motion of the  sample w e r e  recorded versus  
t h e  o r i e n t a t i o n  of t h e  sample with r e spec t  t o  t h e  d i r e c t i o n  of 
propagat ion of t h e  sound wave. For cons tan t  e x c i t a t i o n  of the  
loud speaker t h e  sound pressure  at  t h e  loca t ion  of t he  sample 
remains cons tan t .  The output of t he  p re s su re  g rad ien t  micro- 
phone is  typical of a b i - d i r e c t i o n a l  microphone, that i s ,  a 
cos ine  func t ion ,  having a n u l l  when t h e  microphone is o r i e n t e d  
a t  90" w i t h  r espec t  t o  the  d i r e c t i o n  of propagation. 
the  motion of the sample fol lows a b i - d i r e c t i o n a l  p a t t e r n  w i t h  
a minimum motion occurr ing when t h e  sample is o r i e n t e d  90° t o  
the d i r e c t i o n  of propagation. For t h i s  p a r t i c u l a r  experiment 
the resonant frequency corresponded t o  a wave length  which w a s  
much l a r g e r  than the dimensions of t h e  sample. I t  i s ,  of course,  
p o s s i b l e  t o  produce var ious types of p a t t e r n s  depending upon 
the  r e l a t i o n s h i p  between wave length  and sample s i z e  and a l s o  
dependent upon t h e  p a r t i c u l a r  mode of v i b r a t i o n  of t h e  sample. 
T h i s  type of experiment further s u b s t a n t i a t e s  t h e  fact tha t  i t  
is  necessary t o  d e f i n e  the d i r e c t i o n a l  p r o p e r t i e s  of the  sound 
f i e l d  i n  order  t o  p r e d i c t  t h e  motion of a mechanical s t r u c t u r e .  
S imi l a r ly ,  
During the experimental program no attempt w a s  made t o  
produce f a t i g u e  f a i l u r e  of  samples. It  has been assumed tha t  
for  a sample t o  f a i l  by f a t i g u e  it i s  necessary t o  produce mo- 
t i o n  of  the sample. A l l  of t he  experiments have t h e r e f o r e  
been conducted on a b a s i s  of r e l a t i n g  the  motion of t h e  sample 
t o  the  sound f i e ld  rather than an a c t u a l  study of acous t i c  
f a t i g u e .  A second restr ic t ion on t h e  experiments i s  concerned 
w i t h  the  use of s i n g l e  f requencies  f o r  which each sample ex- 
h i b i t s  motion. Under ac tua l  condi t ions  the  source i s  most 
l i k e l y  t o  be a random noise r a t h e r  than  a s i n g l e  frequency. 
The u s e  of random noise  would complicate t h e  i n t e r p r e t a t i o n  of 
t h e  r e s u l t s  which have been obtained f o r  t h i s  p a r t i c u l a r  study. 
A l l  of t he  experiments which have been performed during 
t h i s  program have r e s u l t e d  i n  a c o r r e l a t i o n  betwen either 
p res su re  grad ien t  or p a r t i c l e  ve loc i ty  and the motion of t h e  
sample when the  e x c i t a t i o n  i s  restricted t o  p lane  sound waves 
a t  s i n g l e  f requencies .  The abso lu te  magnitude of t h e  sample 
motion under varying condi t ions of standing wave p a t t e r n s  
correspond t o  t h e  sample motion which i s  produced under free 
f i e l d  condi t ions.  A measurement of sound p res su re  rather than  
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pres su re  g rad ien t  r e s u l t s  i n  large d i sc repanc ie s  between t h e  
free f i e l d  sound pressure  and t h a t  obtained wi th in  t h e  s tanding 
wave tube f o r  constant  sample motion. These d i sc repanc ie s  
are presumably due t o  t h e  f a c t  t h a t  t h e  sample has  an equiva len t  
a c o u s t i c a l  impedance which is low a t  f requencies  f o r  which t h e  
sample e x h i b i t s  motion. For f r equenc ie s  a t  which samples ex- 
h i b i t  s m a l l  motion the  p a r t i c l e  v e l o c i t y  immediately i n  f r o n t  
of t he  sample s t i l l  corresponds t o  sample motion. Although i t  
is  impossible t o  sepa ra t e  pressure  g rad ien t  and p a r t i c l e  velo- 
c i t y ,  i t  is assumed tha t  the f o r c i n g  func t ion  f o r  a sample i s  
t h e  instantaneous p re s su re  d i f f e r e n t i a l  a c r o s s  a sample. I n  
cases where i t  i s  inconvenient t o  measure t h e  p re s su re  d i f -  
f e r e n t i a l ,  the  p a r t i c l e  ve loc i ty  immediately ad jacent  t o  t h e  
sample corresponds t o  sample motion. Further  experiments under 
free f i e l d  condi t ions  ind ica t e  t h a t  t h e  sample motion i s  de- 
pendent upon t h e  o r i e n t a t i o n  of t h e  sample with r e spec t  t o  t h e  
d i r e c t i o n  of propagation of t h e  sound wave. I t  is t h e r e f o r e  
t h e  conclusion of  t hese  experiments t h a t  i t  is  necessary t o  
measure t h e  d i r e c t i o n a l  aspec ts  of a sound f i e l d  i n  o rde r  to  
determine whether o r  not the sound f i e l d  s imula tes  another  
sound f i e l d  f o r  t h e  purposes of studying a c o u s t i c  f a t i g u e .  
A s  with p re s su re  measurements i t  may be necessary i n  c e r t a i n  
types of s imulat ion fac i l i t i es  t o  measure t h e  p re s su re  g rad ien t  
o r  p a r t i c l e  v e l o c i t y  with the  s t r u c t u r e  present  s ince  i t  i s  
l i k e l y  t ha t  t h e r e  may be some i n t e r a c t i o n  between the  s t r u c t u r e  
and t h e  sound f i e l d .  
I V .  RANDOM NOISE EXCITATION 
During t h e  experimental program it  w a s  poss ib l e  t o  observe 
t h e  resonant c h a r a c t e r i s t i c s  of var ious  types of s t r u c t u r e s .  
I n  gene ra l ,  t h e  measurements w e r e  performed a t  t h e  frequency 
f o r  which maximum sample motion ex i s t ed .  I n  order  t o  tune the  
o s c i l l a t o r  t o  t h e  exac t  frequency of a given mode of v i b r a t i o n ,  
i t  w a s  necessary t o  modify a commercial o s c i l l a t o r  with a 
ve rn ie r  capac i to r  i n  order  t o  allow f o r  s e t t i n g  t h e  o s c i l l a t o r  
at t h e  sample frequency. T h i s  is  i n d i c a t i v e  of the  high Q of 
t h e  samples showing t h a t  the  bandwidth i s  extremely narrow. 
It is  the re fo re  a n t i c i p a t e d  t h a t  t h e  motion of a sample i s  
h igh ly  dependent upon t h e  t i m e  h i s t o r y  of the e x c i t a t i o n .  For 
p l ane  wave random noise  e x c i t a t i o n  t h e  sample's motion w i l l  
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correspond c l o s e l y  t o  t h a t  of a h igh ly  s e l e c t i v e  f i l t e r i n g  
sys t em.  For a sound f i e l d  i n  which t h e  incidence of t h e  sound 
energy v a r i e s  with t i m e ,  a f u r t h e r  effect on  t h e  sample motion 
should be noted s ince  i t  i s  t h e  component of t h e  sound f i e l d  
which i s  normal t o  t h e  sample which provides  t h e  excita- 
t i o n .  
I t  should be noted t h a t  t h e  d i r e c t i o n a l  c h a r a c t e r i s t i c s  of 
the  sound f i e l d  are s e l e c t i v e  i n  t h e  sense t h a t  t h e  motion of 
a sample is  a func t ion  of the  o r i e n t a t i o n  of t he  sample with 
r e spec t  t o  t h e  sound f ie ld .  The f u r t h e r  s e l e c t i v i t y  of t he  
sample due t o  i t s  high mechanical Q i n d i c a t e s  t h a t  t h e  behavior 
of  t h e  sample f o r  random e x c i t a t i o n  w i l l  be a func t ion  of t h e  
randomness of t h e  d i r e c t i o n  of propagat ion ,aswel l  as t h e  t i m e  
h i s t o r y  of  t h e  amplitude va r i a t ion .  I n  assess ing  a sound f ie ld ,  
cons ide ra t ion  must be given t o  t h e  na ture  of t h e  sound source 
with r e spec t  t o  d i r e c t i o n a l  c h a r a c t e r i s t i c s  as w e l l  as the  fre- 
quency d i s t r i b u t i o n  o f  the  sound energy. 
V. SIMULATION FACILITIES 
The second o b j e c t i v e  of t h e  present  program w a s  t o  assess 
simulat ion fac i l i t i es  w i t h  respec t  t o  t h e  f ind ings  of t h e  ex- 
per imental  program. The l i t e r a t u r e  describes a number of 
f ac i l i t i e s  which are cu r ren t ly  i n  use f o r  acous t i c  f a t i g u e  
s t u d i e s .  Further information i s  given descr ib ing  the  a c t u a l  
sound f ie lds  which are found f o r  both aircraft and m i s s i l e s .  
I n  order  t o  assess the  s imulat ion fac i l i t i es ,  i t  i s  necessary 
t o  compare t h e  a c t u a l  sound f i e l d  t o  t h a t  produced within the  
s imulat ion fac i l i t i es .  For t h i s  reason t h e  a c t u a l  sound f i e l d  
w i l l  be discussed f i r s t .  
A review of t he  l i t e r a t u r e  shows t h a t  numerous s t u d i e s  have 
been made of  t h e  noise  f i e l d  surrounding both j e t  and rocket  
engines .  The o b j e c t i v e  of these s t u d i e s  have ranged from t h e  
problem of annoyance of people t o  t h e  a c t u a l  mechanical f a t i g u e  
of  t h e  aircraft  s t r u c t u r e .  During 1952 a Symposium3 he ld  a t  
3 A i r c r a f t  Noise Symposium, San Diego Meeting of t he  
Acoust ical  Society of America, November, 1952. 
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t h e  a c o u s t i c a l  Soc ie ty  meeting i n  San Diego descr ibed the  
aircraft no i se  problem. T h i s  Symposium on aircraft  noise  de- 
f i n e d  the  problem as the  e f f e c t  of no i se  upon people. No men- 
t i o n  of adverse effects of s t r u c t u r e s  w a s  noted. The papers  
presented  a t  t h i s  Symposium and o t h e r  papers  appearing a t  t h i s  
t i m e  descr ibed t h e  no ise  f i e l d  about va r ious  j e t  engines which 
are of use i n  t h e  p re sen t  problem. 
The observa t ions  of von G i e r k e 4  w e r e  concerned with t h e  
t o t a l  acous t ic  power radiated by a j e t  noise  source. The 
r epor t ed  measurements w e r e  concerned with r a d i a t i o n  p a t t e r n s  
as w e l l  as the  frequency d i s t r i b u t i o n  of noise .  Hubbard and 
Lassiter5 presented  experimental information concerning t h e  
l o c a t i o n  of t h e  apparent noise source f o r  a j e t  engine. Other 
papers  w e r e  concerned w i t h  the  c o n t r o l  of t h e s e  noise  sources  
and t h e  i s o l a t i o n  of the s o u r c e s  from personnel.  
Addit ional  papers  presented by both t h e  A i r  Force and Navy 
g i v e  considerable  information concerning the  sound f i e l d  su r -  
rounding a j e t  engine. For example, Kennard6 p r e s e n t s  i n fo r -  
mation of t h e  o v e r a l l  sound p r e s s u r e  l e v e l  i n  t h e  near v i c i n i t y  
of a twin engined j e t  a i r c r a f t .  The information presented 
i n d i c a t e s  t h a t  t h e  dominant sound source e x i s t s  a t  a l o c a t i o n  
s e v e r a l  diameters behind t h e  j e t  engine. The contours  of con- 
s t a n t  sound p res su re  l e v e l  i n d i c a t e  t h a t  t h e  sound source is 
complex and the d i r e c t i o n  of  wave propagation i n  t h e  v i c i n i t y  
of the  a c t u a l  aircraft s t r u c t u r e  v a r i e s  markedly along t h e  
*van G i e r k e ,  H. E . ,  "Physical C h a r a c t e r i s t i c s  of A i r -  
c raf t  N o i s e  SourcesJmm The Journa l  of the Acoustical  Soc ie ty  
of  America, 25, 367 (May 1 9 5 3 ) .  
'Hubbard, H. H. and L a s s i t e r ,  L. W . ,  "Experimental S t u d i e s  
of Jet Noise," The Journal of t h e  Acoust ical  Soc ie ty  of America, 
25 , 381 (May 1953). 
6Kennard, D. C . ,  Jr. , "Sonic Vibra t ion  as Exemplified by 
t h e  RB-66B Airplane," The Journal  of t he  Acoustical  Soc ie ty  of 
America, 30, 462 (May 1958). 
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s t r u c t u r e .  I n  t h i s  p a r t i c u l a r  paper ,  r e l a t i o n s h i p s  are es- 
t a b l i s h e d  between v i b r a t i o n  l e v e l s  and sound p r e s s u r e  l e v e l s  
for va r ious  p a r t s  of t h e  aircraft .  The measurements are pre-  
sented as a func t ion  of frequency ind ica t ing  t h a t  t h e  maximum 
v i b r a t i o n  occurs  f o r  f requencies  ranging from 300 t o  600 cyc le s  
pe r  second. Although no d i r e c t  measurement is given i n  t h i s  
paper ,  it is  apparent t h a t  t h e  maximum v i b r a t i o n  a l s o  occurs  
a t  l o c a t i o n s  where the sound energy s t r i k e s  t h e  s t r u c t u r e  a t  
normal incidence.  
Additional measurements performed under sponsorship of 
t h e  Navy i n d i c a t e  s i m i l a r  sound p res su re  l e v e l s  and distri-  
b u t i o n  around aircraft as repor ted  by P i e t r a ~ a n t a . ~  
measurements show the  va r i a t ion  i n  r a d i a t i o n  p a t t e r n  surround- 
ing  a j e t  engine as a func t ion  of  frequency. In  commenting 
on t h e  problem of noise  measurement around a j e t  aircraft ,  
P i e t r a s a n t a  i n d i c a t e s  t h a t  t h e  no i se  f i e l d  can be p red ic t ed  
a t  d i s t a n c e s  from 75 t o  200 feet  from t h e  a i rcraf t ,  c l o s e r  than 
75 feet  one encounters t h e  “near f i e l d ”  of t h e  engine. Since 
a l a r g e  p o r t i o n  of t h e  a i r c r a f t  e x i s t s  w i th in  the  near  f i e l d  of 
t he  noise  source,  i t  i s  these measurements t h a t  are of most i m -  
por tance  f o r  acous t i c  f a t igue .  
These 
S imi la r  types o f  measurements have been m a d e  fo r  rocket 
engines.  Mayes has reported measurements f o r  rocket  engines  
i n  t h e  near f i e l d  which would be of importance f o r  acous t i c  
f a t i g u e  s tudies .  H i s  measurements i n d i c a t e  t h a t  the  direc- 
t i v i t y  p a t t e r n s  vary markedly i n  t h e  near v i c i n i t y  of t h e  sound 
sources  and t h a t  t h e  apparent source e x i s t s  a t  a considerable  
d i s t a n c e  behind t h e  loca t ion  of the rocket  nozzle.  It would 
appear t h a t  ex tens ive  measurements have been made f o r  both 
j e t  and rocket engines which should provide s u f f i c i e n t  i n f o r -  
mation t o  allow for  the  eva lua t ion  of t h e  a c t u a l  sound f i e l d .  
A l l  of t he  measurements which have been reported are based 
upon the measurement of sound p res su re  l e v e l  as a func t ion  of 
frequency and as a func t ion  o f  o r i e n t a t i o n  with respec t  t o  t h e  
noise  source.  I n  gene ra l ,  the  measurement is m a d e  f o r  a fre- 
quency bandwidth of  one octave with t h e  exception of some dis-  
creet frequency measurements of components of t h e  noise  which 
7P ie t r a san ta ,  A. C . ,  Woise Measurements Around Some 
Je t  Aircrafts,= The Journal  of t h e  Acoustical  Soc ie ty  of 


























may be c rea t ed  by a compressor. A summary of t h e  observa t ions  
t h a t  are m a d e  can be referenced t o  e a r l y  measurements by von 
G i e r k e .  These e a r l y  measurements w e r e  made i n  the  near 
v i c i n i t y  of j e t  engines and accomplished by measuring the 
sound p res su re  l e v e l  i n  octave bands and f o r  var ious  o r i e n t a -  
t i o n s  around t h e  j e t  source. The two assumptions t h a t  were 
made w e r e  t h a t  (1) the d i r e c t i v i t y  p a t t e r n s  are r o t a t i o n a l l y  
symmetrical and (2 )  the pressure  measurements are made i n  the 
far f i e l d  which means tha t  pressure  and p a r t i c l e  v e l o c i t y  are 
n e a r l y  i n  phase. A t  t h e  d i s t ances  of concern, t h a t  i s  wi th in  
the  near f i e l d  of t he  engine, t h e  second assumption i s  not 
j u s t i f i e d .  The observat ions which are repor ted  i n d i c a t e  t h a t  
t h e  d i r e c t i v i t y  of the sound source v a r i e s  w i t h i n  t h e  range of 
i n t e r e s t  and t h a t  t h e  pressure and p a r t i c l e  v e l o c i t y  are there- 




The na tu re  of simulation f ac i l i t i e s  has been inf luenced  
g r e a t l y  by the  commercial companies which are capable  of 
supplying l a r g e  amounts of a c o u s t i c a l  power. The types  of 
f ac i l i t i e s  which are c u r r e n t l y  i n  use are of va r ious  types as 
fo l lows:  (1) Actual f u l l  scale sound source c o n s i s t i n g  of 
a jet  engine instrumented f o r  s ta t ic  t e s t i n g  o r  a tu rbu len t  
n o i s e  source as produced w i t h  a blow down air  source  and 
appropr i a t e  nozzles or i t s  use  of a high powered s i r e n .  
p l a n e  wave tube which is driven by mult ip le  loud speaker d r i v e r  
u n i t s  and is  terminated i n  i t s  c h a r a c t e r i s t i c  impedance. (3) 
A standing wave tube which i s  used p r i m a r i l y  for the  deter- 
mination of microphone l i n e a r i t y .  ( 4 )  A r eve rbe ra t ion  room 
s i m i l a r  t o  those used for  evaluat ing a c o u s t i c a l  materials but  
incorpora t ing  high powered loud speaker elements. A v a r i a t i o n  
is  t o  use a s i r e n  o r  other  n o i s e  source f o r  e x c i t a t i o n  of t h e  
room. (5) A reverberant  box which is  e s s e n t i a l l y  a hard w a l l e d  
chamber s i m i l a r  t o  a reverberat ion room but  the  dimensions are 
s m a l l  compared t o  a wave length over most of the frequency 
range. ( 6 )  A l o w  frequency chamber i n  which the inpu t  i s  pro-  
vided by a l a r g e  diameter hydraul ic  ac tua t ed  p i s t o n .  
(2) A 
Before d iscuss ing  each of t h e  above types of fac i l i t i es  
i t  i s  desirable t o  d iscuss  the  assumptions which are used f o r  
the  var ious  types of f a c i l i t i e s  described above. For s t r u c t u r e s  
which e x i s t  on the  e x t e r i o r  p a r t  of the  aircraft  i t  is  normally 
assumed tha t  t he  sound f i e l d  i s  a free progress ive  f i e l d  w i t h  
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either a s p h e r i c a l  o r  plane wave f r o n t .  For s t r u c t u r e s  which 
are to  be located i n t e r n a l  t o  an aircraft o r  m i s s i l e ,  i t  is  
assumed tha t  the sound f i e l d  approaches t h a t  of a reverberant  
sound f i e ld  where the  energy flow i s  random i n  d i r e c t i o n  as 
w e l l  as amplitude. For e x t e r i o r  sound f ie lds  it should be 
remembered t h a t  t h e  l i t e r a t u r e  r e v e a l s  t h a t  most of t he  aircraft 
or m i s s i l e  s t r u c t u r e  i s  i n  the near  f i e ld  of the sound source 
and tha t  t h e  p re s su re  and p a r t i c l e  v e l o c i t y  are not  neces- 
s a r i l y  i n  phase. The d i r e c t i v i t y  p a t t e r n s  and the decrease i n  
p r e s s u r e  versus  d i s t a n c e  ind ica t e s  t h a t  t h i s  assumption i s  in -  
v a l i d  over most of t h e  s t r u c t u r e .  The l i t e r a t u r e  f u r t h e r  in-  
dicates tha t  the a c t u a l  sou rce  of sound energy e x i s t s  at a 
cons iderable  d i s t a n c e  behind the exit  nozzle  so that  t h e  d i rec-  
t i o n  of propagation and t h u s  the angle  of incidence of the 
energy f o r  a given p a r t  of a s t r u c t u r e  is unknown. 
For t h e  i n t e r n a l  sound f i e l d  the  measurements repor ted  
are u s u a l l y  octave band measurements o f  t h e  p r e s s u r e  throughout 
a given compartment of the  a i rcraf t  o r  missile. I n  gene ra l ,  
i t  is found tha t  the sound p res su re  d i s t r i b u t i o n  i s  r e l a t i v e l y  
uniform throughout these compartments and  it i s  t h e r e f o r e  con- 
cluded tha t  t h e  sound f i e l d  i s  reverberant .  I t  should be 
poin ted  out  t h a t  a s i m i l a r  observa t ion  would be made if the 
sound f i e l d  of a p l ane  progressive wave i s  explored a t  rela- 
t i v e l y  l a r g e  d i s t a n c e s  from the  sound source.  The w a l l s  of 
t h e  s t r u c t u r e  a l low the sound energy t o  e n t e r  a conpartment 
due t o  the i r  l o w  transmission l o s s  and it is l i k e l y  t h a t  
energy f lows out  o f ,  as well as i n t o ,  t h e  compartment through 
the w a l l s .  It is t o  be understood t h a t  t h e  energy t ransmi t ted  
through t h e  w a l l s  i s  frequency s e l e c t i v e  due t o  t h e  fact  t h a t  
the w a l l s  v i b r a t e  i n  s p e c i f i c  modes so tha t  t h e i r  transmission 
loss  is low a t  selected frequencies  and high a t  o t h e r  f requencies .  
Information r e l a t i n g  t o  these s p e c i f i c  p r o  erties can be ob- 
t a i n e d  from a r c h i t e c t u r a l  acous t i c  s tud iesg  where such s t ruc -  
t u r e s  have been s t u d i e d  from the viewpoint of their  use  i n  
bui ld ings .  I n  t h e  present  s tudy of the l i t e r a t u r e  there 
B w a t t e r s ,  B. G . ,  T ransmiss ion  LOSS of some Masonry 
W a l l s , m  The Jou rna l  of the Acoust ical  Soc ie ty  of America, 

























appears t o  be no supporting evidence t h a t  i n d i c a t e s  t h a t  t h e  
sound f i e l d  wi th in  a compartment i s  reverberant  o ther  t han  the  
i n d i c a t i o n  of uniformity of t h e  sound pressure  f i e l d .  The 
dimensions of most compartments are s m a l l  compared t o  t h e  
wave l eng th  of sound which is f e l t  t o  be de t r imenta l  i n  t h e  
design of a space which should r e s u l t  i n  a reverberant  f ie ld .  
I n  order  t o  d i scuss  t h e  var ious  types of s imulat ion f ac i l i -  1 
t i e s  l i s t e d  above t h e  assumption w i l l  be made t h a t  e x t e r i o r  
s t r u c t u r e s  are exposed t o  progress ive  wave sound f i e l d s  and 
t h a t  t h e  i n t e r i o r  of t h e  s t r u c t u r e s  are exposed t o  a d i f f u s e  
reverberant  f i e l d .  During t h i s  d i scuss ion  i t  should be 
remembered t h a t  the  evidence presented  i n  t h e  l i t e r a t u r e  
does not confirm t h e s e  assumptions. However, i t  is apparent 
t h a t  t h e  u s e r s  of simulation f a c i l i t i e s  have made similar 
assumptions i n  t h e  se l ec t ion  of t h e i r  faci l i t ies .  
The f irst  type of s imulat ion f a c i l i t y  l i s t e d  above con- 
cerns t h e  use  of an a c t u a l  j e t  engine noise  source o r  an 
equiva len t .  For t h i s  p a r t i c u l a r  type of s imulat ion f a c i l i t y  
t h e r e  i s  no ques t ion  t h a t  the  energy d e n s i t y  and the  flow of 
energy do not d u p l i c a t e  tha t  encountered under a c t u a l  condi t ions .  
The use  of t h e s e  f a c i l i t i e s  involves  t h e  determination of the  
response of var ious  types o f  pane ls  o r  s t r u c t u r e s  f o r  var ious  
o r i e n t a t i o n s  t o  t h e  flow of acous t i c  energy. I n  gene ra l ,  t h i s  
type of f a c i l i t y  i s  used f o r  d e s t r u c t i v e  tests where a c t u a l  
acous t i c  f a t i g u e  takes place.  There i s  no reason t o  b e l i e v e  
t h a t  a d d i t i o n a l  types  of acous t ic  measurements are requi red  t o  
a s su re  t h a t  t h i s  type of f a c i l i t y  d u p l i c a t e s  t he  a c t u a l  sound 
f i e l d .  
The second type of simulation f a c i l i t y  i s  t h a t  of t he  
p l ane  progress ive  wave tube. A d e s c r i p t i o n  of such a system 
i s  given by Hil l iard. '  A long tube  of r e s t r i c t e d  c r o s s  s e c t i o n  
' H i l l i a r d ,  John K. and F i a l a ,  Walter T. ,  rrMethods of Generat- 
ing High-In tens i ty  Sound with Loudspeakers f o r  Environmental T e s t -  
ing of E lec t ron ic  Components Subjected t o  Jet  and M i s s i l e  Engine 

























is  used t o  conf ine  the  flow of a c o u s t i c  energy so t h a t  t h e  
energy dens i ty  is comparable t o  t h a t  i n  a free p rogres s ive  
sound f i e l d .  By r e s t r i c t i n g  t h e  c r o s s  sec t ion  of t h e  tube  t h e  
power requirement can be l i m i t e d  t o  t h a t  a v a i l a b l e  by e l e c t r o -  
a c o u s t i c a l  d r iv ing  u n i t s .  Computations by H i l l i a r d  indicate 
t h a t  a p lane  wave tube w i t h  a two f o o t  diameter and p rope r ly  
terminated can produce energy d e n s i t i e s  comparable t o  t h a t  en- 
countered i n  a c t u a l  p r a c t i c e  with an electrical  power input  
of 180 w a t t s .  The l i m i t a t i o n  of t he  p lane  wave tube is  t h a t  
t h e  s t r u c t u r e  o r  device t o  be tested must be l i m i t e d  t o  a s i z e  
w h i c h  is  s u f f i c i e n t l y  s m a l l  compared t o  t h e  c r o s s  sec t ion  of  
t h e  tube  t o  minimize a dis turbance of t h e  sound f ie ld .  It  i s  
p o s s i b l e  wi th in  such a f a c i l i t y  t o  vary  the  o r i e n t a t i o n  of the  
device under test so t h a t  t he  response f o r  var ious  angles  of 
incidence can be s tudied .  For extremely s m a l l  devices  o r  
s t r u c t u r e s  t h e  p lane  wave tube i s  a va luable  t o o l .  When t h e  
device o r  s t r u c t u r e  becomes comparable i n  s i z e  t o  the dimensions 
of t h e  c r o s s  s e c t i o n  of the tube it  is  necessary t o  make addi-  
t i o n a l  measurements i n  t h e  tube t o  determine whether o r  no t  
t h e  device d i s t u r b s  t h e  sound f ie ld .  Measurements can be made 
with p re s su re  s e n s i t i v e  microphones i f  t h e  tube i s  exc i t ed  a t  
s i n g l e  f requencies  and t h e  s tanding wave p a t t e r n  is deteEmined 
with the device p re sen t  i n  t h e  f a c i l i t y .  For random noise  ex- 
c i t a t i o n  s i m i l a r  measurements can be made a t  t h e  loca t ion  of 
t h e  device w i t h  t h e  use  of a p re s su re  g rad ien t  microphone as 
descr ibed  i n  t h i s  r epor t  i n  conjunct ion with measurements made 
with a p res su re  s e n s i t i v e  microphone. The plane wave tube i s  
t h e r e f o r e  a u s e f u l  f a c i l i t y  bu t  it is  recommended that  addi- 
t i o n a l  measureinents be made when devices  or s t r u c t u r e s  t e s t e d  
wi th in  t h e  f a c i l i t y  become comparable i n  s i z e  t o  the c r o s s  
s e c t i o n a l  dimensions of t h e  tube.  
The s tanding wave tube such as has  been used i n  t h e  present  
program has been used pr imar i ly  f o r  the  determinat ion of t h e  
l i n e a r i t y  of p re s su re  microphones. I n  s e l e c t e d  in s t ances  where 
ex t remely  high sound pressures  are des i r ed ,  the s tanding wave 
tube  has  been used f o r  s t u d i e s  involving t h e  response of s t r u c -  
t u r e s .  From t h e  r e s u l t s  of t h e  p re sen t  program it i s  evident  
t h a t  t h e  e x c i t a t i o n  of  s t r u c t u r e s  can be accomplished wi th in  a 
s tanding wave tube. However, the  maximum response i s  obtained 
a t  t h e  l o c a t i o n  of minimum r a t h e r  than  maximum sound pressure .  
Such a f a c i l i t y  can be usefu l  i n  explor ing a p a r t i c u l a r  design 
when s i n g l e  f requencies  a re  used. I t  i s  necessary t h a t  measure- 
ments of p re s su re  g rad ien t  o r  p a r t i c l e  v e l o c i t y  should be made 
a t  t h e  l o c a t i o n  of t he  s t r u c t u r e  t o  determine t h a t  a spec t  of 
t he  sound f ie ld  which i s  r e l a t ed  t o  motion. 
The reverbera t ion  room has  been used ex tens ive ly  for  
a c o u s t i c a l  t e s t i n g  s ince  1915 . l '  The use  of a hard  walled 
room f o r  observing t h e  absorpt ion of a c o u s t i c a l  energy has  
been valuable  f o r  t h e  determination of c h a r a c t e r i s t i c s  of 
a c o u s t i c a l  materials. W i t h  r e l a t i v e l y  s m a l l  amounts of acoust ic-  
a l  power input ,  high sound p res su re  l e v e l s  an d corresponding 
energy d e n s i t i e s  are created due t o  t h e  fact  t h a t  t h e  sound 
undergoes mult iple  r e f l e c t i o n  within t h e  room. An example of 
t h e  l e v e l s  obtained with r e l a t i v e l y  low electr ical  p w e r  in2ut  
i s  given by McAuliffe.ll Since numerous reverbera t ion  rooms 
w e r e  a v a i l a b l e  throughout the country f o r  t he  purposes of 
determining the  absorpt ion p r o p e r t i e s  of a c o u s t i c a l  materials, 
i t  w a s  poss ib l e  t o  d e t e r m i n e  t h e  s u i t a b i l i t y  of t hese  rooms 
for  high i n t e n s i t y  noise  t e s t i n g .  The major i ty  of ar t ic les  
r e l a t i n g  t o  t h e  des ign  of reverberat ion rooms f o r  high i n t e n s i t y  
noise  t e s t i n g  are concerned wi th  the determinat ion of the 
uniformity of t h e  sound pressure  l e v e l  as a func t ion  of fre- 
quency. Numerous papers  have been w r i t t e n  concerning s i m i l a r  
problems when the objec t ive  i s  t o  determine acous t i ca l  absorp- 
t i o n .  For example, Waterhouse12 has  w r i t t e n  comprehensive 
loBenson, Robert W., "Efficiency and Power Rating of 
Loudspeakers, tr Proceedings of t h e  National E lec t ron ic s  Confer- 
ence,  Hotel Sherman, Chicago, I l l i n o i s ,  October 3 ,4 ,5 ,  1955. 
"McAuliffe, D. R . ,  nDesign and Performance of a New Rever- 
be ra t ion  Room at  Armour Research Foundation, Chicago, I l l . ,w 
J.A.S .A.  29, 1270-1273 (Decenber 1957).  
12Waterhouse, Richard V . ,  "Output of a Sound Source i n  a 
Reverberation Chamber and Other Reflect ing Environments,cr 
J,A.S.A., 30, 4 (November 1964). 
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pape r s  concerning in t e r f e rence  p a t t e r n s  i n  reverberant  rooms. 
By an examination of t h e  sound p res su re  f i e l d  it can be de t e r -  
mined t h a t  c e r t a i n  in t e r f e rence  effects take p l a c e  a t  t h e  
boundaries which cause an uneven d i s t r i b u t i o n  i n  sould  p r e s s u r e  
l e v e l .  Throughout t h e  l i t e r a t u r e  t h e  r eve rbe ra t ion  room i s  
descr ibed  as a s t r u c t u r e  i n  which a uniform and d i f f u s e  sound 
f i e l d  is  c rea t ed .  
t h a t  the gBkey hypothesis i n  reverbera t ion  theory i s  t h a t  t h e  
sound f i e l d  i s  d i f f u s e  and the  room su r face  i s  t h e r e f o r e  ex- 
posed t o  an assembly of waves from a l l  angles  of incidence,”  
The key assumption is t h a t  t h e  sound f i e l d  i s  d i f f u s e .  This 
a u t h o r ,  as w e l l  as o t h e r s ,  a t tempts  t o  desc r ibe  t h e  condi t ions  
which r e s u l t  i n  a d i f f u s e  sound f i e l d .  I n  t h e  present  review 
of t h e  l i t e r a t u r e  it h a s  been impossible t o  f i n d  a direct 
measurement of d i f f u s i o n  within a reverbera t ion  room. Some 
o f  t h e  requirements are t h a t  t he  room’s dimensions must be 
l a r g e  compared t o  a wave length and t h a t  t h e  su r faces  of t h e  
room should be non-paral le l .  A s  an example of an at tempt  t o  
measure d i f f u s i o n ,  Balachandran14 uses  t h e  following cri teria:  
(1) An observa t ion  of t h e  f l u c t u a t i o n s  i n  decay curves as ob- 
t a i n e d  i n  an empty room;(2) t h e  v a r i a t i o n  i n  c o r r e l a t i o n  co- 
e f f i c i e n t  with d i s t ance  between two p o i n t s  i n  t h e  room, and 
( 3 )  t h e  absorpt ion c o e f f i c i e n t  of a s tandard sample of material 
f o r  a l l  room condi t ions  and frequencies .  Of t h e  three c r i te r ia ,  
the determinat ion of c o r r e l a t i o n  c o e f f i c i e n t s  r e s u l t s  i n  the  
m o s t  d e f i n i t i v e  measurement of t h e  sound f i e ld .  
For example, Olynuk and Northwood13 i n d i c a t e  
The use  of c o r r e l a t i o n  methods f o r  t h e  s tudy of sound 
f i e l d s  is  e f f e c t i v e  when t h e  sound f i e l d  is  e i t h e r  t h a t  of a 
progress ive  wave o r  a d i f f u s e  f ie ld .  Two p o i n t s  i n  space are 
I30lynyk, D. and Northwood, T. D. ,  Tomparison of Rever- 
beration-Room and Impedance Tube Abosrption Measurements , I *  
J.A.S.A. , 36, 2171 (November 1964) 
I4Balachandran, C. G . ,  %’Random Sound F i e l d  i n  Rever- 
be ra t ion  Chambers,” The Journal  of t he  A c o u s t i c a l  Soc ie ty  of 
America, 31, 1319 (October 1959). 
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selected f o r  s tudy f o r  which the  p r e s s u r e  v a r i a t i o n  versus  
t i m e  i s  s tudied  f o r  var ious de lay  t i m e s  in t roduced between 
t h e  two s i g n a l s .  For a progress ive  wave, t h e r e  i s  a delay t i m e  
bstween the  two s i g n a l s  which r e s u l t s  i n  p e r f e c t  c o r r e l a t i o n .  
For a d i f f u s e  f i e l d ,  t h e r e  i s  no delay t i m e  which w i l l  e s tab-  
l i s h  a c o r r e l a t i o n  f o r  t he  two s i g n a l s .  For sound f i e l d s  
which containnumerous sources but are n e i t h e r  d i f f u s e  nor 
simple progress ive  waves, the  c o r r e l a t i o n  methods i n d i c a t e  t h a t  
some c o r r e l a t i o n  exists,  but does not i n d i c a t e  t h 2  na tu re  of 
t h e  sound f ie ld .  These methods t h e r e f o r e  have l i m i t e d  app l i -  
c a t i o n  f o r  t h e  study of simulation f ac i l i t i e s .  
Curren t ly ,  t h e r e  is  a n  Aqerican Standard15 being w r i t t e n  
descr ib ing  the  use of reverberant rooms f o r  high i n t e n s i t y  
noise  t e s t i n g .  This  Standard desc r ibzs  cu r ren t  p r a c t i c e s  con- 
cerning t h e  shape and s i z e  of t h e  reverbera t ion  room. The 
p resen t  d r a f t  of t h e  Standard i n d i c a t e s  t h a t  a s t r u c t u r e  may 
be t e s t e d  wi th in  t h e  room providing t h a t  t h e  dimensions of t h e  
s t r u c t u r e  are no more than one-half  of t h e  dimensions of t h e  
room. Under such condi t ions it  may be necessary t o  m a k e  
measureaents of t h e  sound f i e l d  with t h e  s t r u c t u r e  o r  a mechan- 
ical  equivalent  of t h e  s t r u c t u r e  i n  p lace .  The requi red  measure- 
ments are made with a pressure s e n s i t i v e  microphone and with a 
f i l t e r  having a one - th i rd  octave bandwidth. A t  t h e  present  
t i m e ,  ins t rumenta t ion  i s  n o t  a v a i l a b l e  which would Zurther de- 
f i n e  the  d i f f u s e  na tu re  of t h e  sound f ie ld .  The effect of t h e  
s t r u c t u r e  on t h e  sound f i e l d  i s  l i k e l y  t o  be obscurred b y  t h e  
fact t h a t  t h e  modes of v i b r a t i o n  have bandwidths which are 
s m a l l  compared to  a one-third octave bandwidth and t h e r e f o r e ,  
t h e  i n t e r a c t i o n  between the s t r u c t u r e  and the  sound f i e l d  i s  
u n l i k e l y  t o  be de tec ted .  
The f i f t h  environment l i s t ed  above i s  a compromise of t h e  
reverbera t ion  room. A commercial u n i t  i s  a v a i l a b l e  descr ibzd 
as a reverbera t ion  box. The reverbera t ion  box descr ibed  by 
15Fourth D r a f t  of  the  Information Document, "High I n t e n s i t y  
Azoustic Test ing of Equipment.'' Writing Group S 2/1-W-43. 
Noveaber , 1967. 
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Hilliard' '  i s  a s m a l l  chamber with a hard surfaced i n t e r i o r  con- 
t a i n i n g  a number of loudspeaker d r iv ing  u n i t s ,  The t e r m  
"reverberat ion" i s  used t o  desc r ibe  t h e  reflective na ture  of 
t h e  w a l l s  bu t  i s  not t o  be confused with t h e  reverbera t ion  
room where t h e  o b j e c t i v e  i s  t o  provide a d i f f u s e  sound f i e l d .  
Throughout most of t h e  audio frequency range t h e  dimensions of 
t h e  reverberant  box are small compared t o  the  wave l eng th  of 
soand. A typical box ava i l ab le  commercially has one dimension 
which i s  on ly  18". A measurement of sound pressure  within t h e  
box i n d i c a t e s  t h a t  high i n t e n s i t i e s  can be achieved, however, 
t h e  impedance a s soc ia t ed  w i t h  t h e  p r e s s u r e  is  not defined. 
Throughout most of t h e  frequency range i t  must b2 assumed t h a t  
t h e  p re s su re  grad ien t  is  extremely s m a l l  s i n c e  t h e  boundary con- 
d i t i o n s  r equ i r e  t h a t  t h e  p a r t i c l e  v e l o c i t y  vanish normal t o  w a l l  
sur faces .  The p a r t i c l e  ve loc i ty  and p res su re  g rad ien t  i s  ex- 
pec ted  t o  be 30 t o  40 dec ibe ls  below t h e  p re s su re  g rad ien t  which 
would be found i n  e i t h e r  a progress ive  wave f i e l d  o r  i n  a 
d i f f u s e  sound f i e l d .  For t h e  boxes which are a v a i l a b l e  com- 
merc ia l ly  i t  i s  expected t h a t  t h i s  condi t ion  w i l l  e x i s t  f o r  
f requencies  below 1000 cycles  per  second, Independent of any 
measurements t h a t  might be made within such an  enclosure,  i t  
is  expected t h a t  such a f a c i l i t y  i s  of l i t t l e  value f o r  acous t i c  
f a t i g u e  s imulat ion.  This  type of u n i t  h a s  been used ex tens ive ly  
by var ious  manufacturers f o r  meeting t h e  requirements of en- 
v i ronnenta l  s p e c i f i c a t i o n s  s i n c e  the u n i t  is a v a i l a b l e  commer- 
c i a l l y  as a package u n i t .  
The g r e a t e s t  d i f f i c u l t y  i n  s imulat ion of t h e  a c t u a l  no ise  
f i e l d  of  a j e t  o r  rocket engine comes f o r  t he  lower frequency 
range. The reverbera t ion  room is l i m i t e d  due t o  i t s  f i n i t e  
dimensions. For t h i s  reason  a s p e c i a l  low frequency chamber 
w a s  cons t ruc ted  a t  NASA Langley f o r  t h e  purposes of providing 
a s imulat ion of t h e  sound f i e l d  f o r  the lower frequency range. 
The dimensions of t h e  enclosure are such t h a t  t h e  wave length  
of  e x c i t a t i o n  is e i t h e r  g r e a t e r  than ,  or  comparable t o ,  t h e  
dimensions of t h e  enclosure.  The boundary condi t ions  r equ i r e  
16Hil l iard,  J.  K.  and F i a l a ,  W. T. ,  "High I n t e n s i t y  Sound 
Reverberation Chamber and Loudspeaker Noise Generator ,"' J .A.S.A. , 
31, 269 (March 1959). 
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t h a t  t h e  p a r t i c l e  v e l o c i t y  normal t o  the s u r f a c e  of t h e  en- 
c l o s u r e  should vanish.  The measurements of t h e  performance of 
t h i s  f a c i l i t y  are again made with p re s su re  s e n s i t i v e  micro- 
phones f o r  which it i s  deinonstrated t h a t  t h e  sound f i e l d  is 
uniform and t h e  p re s su re  l eve l s  obtained are comparable t o  
t h a t  under a c t u a l  condi t ions.  The p res su re  g rad ien t  and p a r t i c l e  
v e l o c i t y  within t h e  chamber are aga in  of t h e  order  of 30 t o  40 
decibels less than  would be encountered i n  e i t h e r  a p r o g r e s s i v e  
wave f i e l d  o r  a d i f f u s e  sound f i e l d .  The response of s t r u c t u r e s  
p laced  within t h e  chamber is t h e r e f o r e  expected t o  be of t h e  
o rde r  of one one hundreth of t he  amplitude t h a t  would occur 
under a c t u a l  condi t ions .  A measurement of t h e  p re s su re  grad- 
i e n t  o r  p a r t i c l e  v e l o c i t y  within t h i s  f a c i l i t y  would r evea l  
t h e  a c t u a l  expected response of var ious  s t r u c t u r e s .  A modi- 
f i c a t i o n  of t he  f a c i l i t y  would be p o s s i b l e  that would r e s u l t  
i n  a l a r g e  inc rease  i n  t h e  p re s su re  g rad ien t .  I f ,  f o r  example, 
a second volume is  coupled to  t h e  main volume of t h e  f a c i l i t y  
through a l a r g e  s i z e  duc t  and the  two volumes are made t o  
resonate  with t h e  of a i r  i n  t h e  connecting duct i t  would 
be p o s s i b l e  t o  create l a r g e  amplitude particle v e l o c i t i e s  with- 
i n  t h e  duct.  A pres su re  gradient  would e x i s t  r e l a t i v e  t o  t h e  
two chambers due t o  t h e  alternate s to rage  of energy i n  each of 
t h e  chambers. I t  would, of course ,  be necessary t o  provide 
ins t rumenta t ion  which would be s e n s i t i v e  t o  the  p re s su re  grad- 
i e n t  i n  order  t o  c o r r e l a t e  r e s u l t s  with t h e  sound f i e l d .  
Each of t h e  s e v e r a l  types of f a c i l i t i e s  t h a t  are c u r r e n t l y  
being used f o r  s imula t ion  purposes have been discussed rela- 
t i v e  t o  t h e  f ind ings  during t h i s  program which i n d i c a t e  t h a t  
t h e  fo rc ing  func t ion  f o r  a mechanical s t r u c t u r e  i s  t h e  d i f -  
f e r e n t i a l  sound p r e s s u r e  across  t h e  s t r u c t u r e  created by the  
sound f i e l d .  A major problem i s  encountered i n  determining 
t h e  s u i t a b i l i t y  of these  f a c i l i t i e s  f o r  t h e  s imulat ion of high 
i n t e n s i t y  noise f ie lds  due t o  t h e  fact  t h a t  adequate measure- 
ments of t he  a c t u a l  sound f i e l d  have not  been made. Fur ther -  
more, t h e  measurements of t h e  a c t u a l  sound f i e l d  l eaves  some 
ques t ion  as t o  t h e  exact  type of sound f i e ld  t h a t  is  necessary 
for  var ious  parts of t he  s t ruc tu re .  With these  r e s t r i c t i o n s  
i t  i s  poss ib l e  t o  indicate t h a t  t h e  reverberant  box is inade- 
qua te  on t h e  b a s i s  of design s ince  i t  provides  n e i t h e r  a pro- 
g r e s s i v e  wave f i e l d  nor a d i f f u s e  sound f i e l d .  The low fre- 
quency f a c i l i t y  a t  Langley i n  i t s  present  conf igura t ion  should 
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produce misleading r e s u l t s .  Modifications t o  t h i s  f a c i l i t y  
appear poss ib l e  where t h e  conf igura t ion  i s  changed t o  provide 
an a l t e r n a t e  s to rage  of energy i n  two volumes. Such a con- 
f i g u r a t i o n  would create pressure  g r a d i e n t s  which are comparable 
t o  those  encountered i n  ac tua l  p r a c t i c e .  
The r eve rbe ra t ion  room i s  by far the  most ex tens ive ly  
used f a c i l i t y .  The r e s u l t s  ob ta ined  i n  such a room have been 
of  much va lue  with t h e  ma jo r  problem concerned with t h e  d e f i n i -  
t i o n  of l i m i t a t i o n s  f o r  the lower f requencies .  Gross e r r o r s  i n  
producing a d i f f u s e  sound f i e l d  are e a s i l y  recognized but  t h e  
e x t e n t  of t h e  t r a n s i t i o n  range between non-diffuse and d i f f u s e  
i s  d i f f i c u l t ,  if not impossible,  with p re sen t  instrumentat ion.  
V I .  RECOMMENDATIONS 
The ob jec t ive  of t h e  present program has  been t o  de t e r -  
mine those  a s p e c t s  of a sound f i e l d  which produce motion of 
a s t r u c t u r e  and thus  cont r ibu te  t o  sonic f a t i g u e .  All of t h e  
measurements i n d i c a t e  t h a t  th2 fo rc ing  func t ion  f o r  a s t r u c t u r e  
i s  t h e  d i f f e r e n t i a l  p ressure .  A t  t h e  resonance f requencies  
of a s t r u c t u r e ,  the  equivalent  acous t i c  impedance i s  low and 
t h e  t r a n s f e r  of energy t o  the s t r u c t u r e  is not  p red ic t ed  from 
a measurement of t he  pressure  f i e ld .  Since seve ra l  types  of 
s imulat ion f a c i l i t i e s  dupl ica te  t h e  pressure  f i e l d  without 
a corresponding energy d e n s i t y ,  the  behavior of the  s t r u c t u r e  
placed wi th in  the  f a c i l i t y  v a r i e s  from t h a t  which would occur 
under a c t u a l  f i e l d  condi t ions.  
The exact  na tu re  of t h e  sound f i e l d  and the  degree t o  
which a s imulat ion f a c i l i t y  d u p l i c a t e s  t h e  a c t u a l  sound f i e l d  
are d i f f i c u l t  t o  determine w i t h  p resent  instrumentat ion.  Al- 
though c o r r e l a t i o n  techniques are use fu l  f o r  s p e c i f i c  types 
of  sound f i e l d s ,  t h e  ac tua l  sound f i e l d  cannot be descr ibed 
i n  a manner which i s  of use i n  assess ing  s imulat ion fac i l i t i es .  
I t  is  necessary t h a t  i n s t r u m e n t s  be developed which allow f o r  
a d e f i n i t i o n  of t h e  sound f i e l d  as a vec tor  q u a n t i t y ,  f o r  which 
t h e  magnitude and d i r e c t i o n  of t h e  energy flow i s  obtained. 
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